Islet antigen-2 (IA-2 or ICA 512) and IA-2b (or phogrin) are major autoantigens in type 1 diabetes. They are located in dense core secretory vesicles including insulin granules, but their role in b-cell function is unclear. Targeted disruption of either IA-2 or IA-2b, or both, impaired glucose tolerance, an effect attributed to diminution of insulin secretion. In this study, we therefore characterized the dynamic changes in cytosolic Ca 2C ([Ca 2C ] c ) and insulin secretion in islets from IA-2/IA-2b double knockout (KO) mice. High glucose (15 mM) induced biphasic insulin secretion in IA-2/IA-2b KO islets, with a similar first phase and smaller second phase compared with controls. Since the insulin content of IA-2/IA-2b KO islets was w45% less than that of controls, fractional insulin secretion (relative to content) was thus increased during first phase and unaffected during second phase. This peculiar response occurred in spite of a slightly smaller rise in [Ca 2C ] c , could not be attributed to an alteration of glucose metabolism (NADPH fluorescence) and also was observed with tolbutamide. The dual control of insulin secretion via the K ATP channel-dependent triggering pathway and K ATP channel-independent amplifying pathway was unaltered in IA-2/IA-2b KO islets, and so were the potentiations by acetylcholine or cAMP (forskolin). Intriguingly, amino acids, in particular the cationic arginine and lysine, induced larger fractional insulin secretion in IA-2/IA-2b KO than control islets. In conclusion, IA-2 and IA-2b are dispensable for exocytosis of insulin granules, but are probably more important for cargo loading and/or stability of dense core vesicles.
Introduction
Islet antigen-2 (IA-2, also known as islet cell antigen 512) and IA-2b, (also known as phogrin) are major autoantigens in type 1 diabetes. Autoantibodies against both proteins appear before the development of clinical diabetes, and their presence is widely used to identify high-risk subjects (Notkins & Lernmark 2001) .
IA-2 and IA-2b are members of the transmembrane protein tyrosine-phosphatase family (Lan et al. 1994 , Rabin et al. 1994 , Cui et al. 1996 , Kawasaki et al. 1996 , Lu et al. 1996 , Solimena et al. 1996 , but are enzymatically inactive. They are predominantly located in the membrane of dense core secretory vesicles (DCV) of various neuroendocrine tissues, including pancreatic islets (Solimena et al. 1996 , Wasmeier & Hutton 1996 . Their physiological role in b-cell function has remained unclear even though recent data suggest a contribution to the regulation of insulin secretion and biosynthesis or to the stability of DCV.
Glucose and cAMP have been found to increase IA-2 mRNA and protein in rat islets (particularly during the postnatal period), whereas IA-2b expression was unaffected (Löbner et al. 2002) . In the INS1 cell line, cAMP rapidly increased IA-2 gene expression, whereas an effect of glucose was detectable only after prolonged stimulation (Seissler et al. 2000) .
In insulin-secreting MIN-6 cells, IA-2b is phosphorylated upon stimulation by glucose, KCl, or forskolin (that raises cAMP). The effect of glucose and KCl is Ca 2C dependent and attributed to Ca/calmodulin-dependent kinase II, whereas the effect of forskolin, presumably mediated by protein kinase A, is Ca 2C independent (Wasmeier & Hutton 1999 ). These observations prompted the proposal that IA-2b plays a role in the priming of insulin granules for exocytosis. In contrast, overexpression of IA-2b (but not IA-2) was reported to inhibit glucose-induced insulin secretion in MIN-6 cells, which prompted the suggestion that IA-2b might exert an inhibitory action on secretion (Doi et al. 2006 ).
An appealing hypothesis, which however awaits independent testing, proposes that, upon exocytosis of insulin granules, the cytoplasmic tail of IA-2 is cleaved by a Ca 2C -dependent calpain and translocates to the nucleus where, via STAT 5, it promotes transcription of the insulin gene (Trajkovski et al. 2004 , Mziaut et al. 2006 . In contrast, IA-2b appears to be recycled in new secretory vesicles (Vo et al. 2004) .
Targeted deletion of the IA-2 gene resulted in mild glucose intolerance of the mice, which was attributed to depressed insulin secretion (Saeki et al. 2002) . This interpretation was supported by in vitro studies showing a 45% decrease in glucose-induced insulin secretion by IA-2 knockout (KO) islets versus controls (Saeki et al. 2002) . Moreover, knockdown of IA-2 in MIN-6 cells decreased the number of DCV, the insulin content, and insulin secretion, whereas the overexpression of IA-2 had the opposite effects . Mice with a selective knockout of IA-2b resembled IA-2 KO mice, with, however, a slightly lesser (w35%) inhibition of glucose-induced insulin secretion in incubated islets (Kubosaki et al. 2004) . Mice with a double knockout for IA-2 and IA-2b were then produced (Kubosaki et al. 2005) . Again, glucose intolerance was observed, with a marked impairment of the rapid rise in plasma insulin after ip glucose administration. In contrast, the rapid increase in plasma insulin induced by arginine persisted (Kubosaki et al. 2005) .
All these studies suggest a role of IA-2 and IA-2b in the regulation of secretory granule number in b-cells and possibly of insulin secretion. To address the latter question more directly, we characterized the dynamic changes in cytosolic Ca 2C concentration ([Ca 2C ] c ) and insulin secretion in islets isolated from IA-2 and IA-2b double knockout mice.
Materials and Methods
The study was approved by, and the experiments were conducted in accordance with, the guidelines of the Animal Research Committees of the respective institutions.
Animals
The generation and characteristics of IA-2/IA-2b double knockout mice have been described previously (Kubosaki et al. 2005) . Adult animals and their controls were sent from Bethesda to Brussels, where they were used at an age of 13-18 months. All experiments were done with female mice. There was no difference between body weight (32 . 7G1 . 5 vs 35 . 5G1 . 7 g, nZ12) and morning blood glucose (7 . 4G0 . 4 vs 7 . 3G0 . 5 mM), but plasma insulin levels were lower (P!0 . 001) in control than IA-2/IA-2b KO mice (2 . 17G0 . 33 vs 4 . 08G0 . 32 ng/ml).
Solutions and reagents
The control medium was a bicarbonate-buffered solution containing (mM): NaCl, 120; KCl, 4 . 8; CaCl 2 , 2 . 5; MgCl 2 , 1 . 2; and NaHCO 3 , 24. It was gassed with O 2 /CO 2 (94%:6%) to maintain a pH 7 . 4, and it contained 10 mM glucose and 1 mg/ml BSA. A similar solution was used as test medium after adjustment of the glucose concentration and addition of the studied substances. When the concentration of KCl was increased, then that of NaCl was decreased accordingly.
Diazoxide was a gift of Schering-Plough, Brussels. Other reagents were from Sigma or from Merck AG.
Preparations
Islets from IA-2/IA-2b KO or control mice were aseptically isolated by collagenase digestion of the pancreas followed by hand selection ( Jonas et al. 1998) . The islets were then cultured for about 18 h in RPMI 1640 medium (Invitrogen) containing 10 mM glucose, 10% heat-inactivated fetal calf serum, 100 IU/ml penicillin, and 100 mg/ml streptomycin.
Measurements of insulin secretion and islet insulin content
After overnight culture, batches of 20 islets were transferred into the chambers of a perifusion system ) and perifused at 37 8C with test solutions, the composition of which is described at the top and in the legend of each figure. The effluent fractions were collected at 1-min (first 10 min of glucose stimulation) or 2-min intervals, and saved for insulin assay, using rat insulin as a standard and ethanol to precipitate bound insulin (Heding 1972) . At the end of the experiments, the islets were recovered from the chambers and their insulin content was determined after extraction in acid-ethanol. Fractional insulin secretion rate was then calculated as the percentage of islet insulin content that was secreted per minute.
Measurements of islet [Ca 2C ] c and NAD(P)H
Overnight cultured islets were loaded with the Ca
2C
-indicator fura-PE3 (2 mM, 2 h) in control medium containing 10 mM glucose. Loaded islets were then transferred into the perifusion chamber of a spectrofluorimetric system, equipped with a camera, and with which [Ca 2C ] c was measured as described previously (Gilon & Henquin 1992) . Because of technical constraints, the [Ca 2C ] c experiments are shorter than insulin secretion experiments. The islets to be used for NAD(P)H measurements were preincubated without dye before transfer into the chamber. Recordings of the fluorescence were done as reported (Gilon & Henquin 1992) . In both [Ca 2C ] c and NAD(P)H measurements, control and IA-2/IA-2b KO islets were placed side by side in the chamber and the recordings were performed simultaneously.
Presentation of results
All experiments have been performed with islets from four to five different preparations. Except for representative recordings of [Ca 2C ] c in individual islets, results are presented as meansGS.E.M. The statistical significance of differences between IA-2/IA-2b KO and control islets was assessed by unpaired Student's t-test.
Results

Effects of glucose
The effects of glucose on b-cell metabolism were estimated by measuring the NAD(P)H fluorescence of the islets (Panten et al. 1973) . Raising the concentration of glucose from 1 to 15 mM similarly increased the signal in control and IA-2/IA-2b KO islets (Fig. 1A , inset).
High glucose induced typical biphasic insulin secretion in control islets Fig. 1A) . Opening ATPsensitive K (K ATP ) channels with diazoxide abolished glucoseinduced secretion, and this inhibition was reversed by closing K ATP channels with tolbutamide. Increasing islet cAMP levels with forskolin strongly potentiated insulin secretion. As also shown in Fig. 1A , the kinetics of insulin secretion changes observed in IA-2/IA-2b KO islets was similar to controls, but the secretory rate was smaller (P!0 . 05), except during the first-phase response to 15 mM glucose.
The insulin content of IA-2/IA-2b KO islets was, on average, 45% lower than that in controls (88G4 vs 162G5 ng/islet, nZ30) and the difference for this particular group is shown by the inset in Fig. 1B . To take into account this substantial difference in insulin stores, we expressed insulin secretion as a fractional secretory rate (Fig. 1B) . Insulin secretion was virtually identical ] c produced by 15 mM glucose in one control and one IA-2/IA-2b KO islet. Except in (D), values are meansGS.E.M. for five experiments of insulin secretion and islet insulin content, 18 islets from three mice for NADP(H), and 27 islets from five mice for [Ca 2C ] c .
IA-2 and IA-2b knockout islets . J-C HENQUIN and others 575 in the two groups of islets, except during the first phase, which was larger in IA-2/IA-2b KO than control islets (P!0 . 01). In all following figures, insulin secretion will be presented as a fractional secretory rate, but division by two of the values for IA-2/IA-2b KO islets permits a reasonably correct comparison of the absolute rates of secretion in test and control groups.
In control islets, high glucose caused an initial small decrease in [Ca 2C ] c followed by a first-phase increase and oscillations during steady-state stimulation ( Fig. 1C and D ; Gilon & Henquin 1992) . Diazoxide lowered [Ca 2C ] c , tolbutamide reversed this inhibition, and forskolin caused a small inconstant decrease. This shows that the changes in secretion followed the changes in triggering [Ca 2C ] c , except when cAMP (forskolin) potentiated secretion, an effect attributed to mechanisms distal to the [Ca 2C ] c rise (Tamagawa et al. 1985 , Ammala et al. 1993 . The changes in [Ca 2C ] c measured in IA-2/IA-2b KO islets followed the same kinetics as in controls, but were of slightly smaller amplitude. The difference was significant (P!0 . 001) during the first phase of glucose stimulation but not quite (PZ0 . 08) during the second phase. Qualitatively, the [Ca 2C ] c response was normal, with well-defined oscillations (Fig. 1D ). These oscillations are largely damped in the averaged traces shown in Fig. 1C .
Insulin secretion through the amplifying pathway
A high concentration of tolbutamide (500 mM) was used to close all K ATP channels in b-cells. This resulted in biphasic increases in [Ca 2C ] c and insulin secretion in control islets perifused with 1 mM glucose (Fig. 2) . When glucose was subsequently increased to 15 mM, [Ca 2C ] c initially decreased before returning to levels slightly above the prestimulatory values, while insulin secretion increased about fourfold (Fig. 2) . Returning to 1 mM glucose was followed by a decrease in secretion without a decrease in [Ca 2C ] c . The stimulatory effect of glucose under these conditions corresponds to the K ATP channel-independent amplifying pathway (Sato et al. 1999 , Henquin et al. 2003 . A similar time course characterized the insulin secretion and [Ca 2C ] c changes in IA-2/IA-2b KO islets (Fig. 2) . Except during the immediate response to tolbutamide, absolute insulin secretion rates were lower in IA-2/IA-2b KO than control islets (not shown). When the difference in insulin content was taken into account, fractional insulin secretion rate was larger (P!0 . 01) in IA-2/IA-2b KO than control islets during the initial response to tolbutamide, and similar during steady-state stimulation ( Fig. 2A) , in spite of slightly smaller elevations of [Ca 2C ] c during both initial peak (P!0 . 02) and plateau (P!0 . 001) (Fig. 2B) . Amplification of insulin secretion by high glucose was unaltered in IA-2/IA-2b KO islets ( Fig. 2A) .
Effect of various stimuli
Acetylcholine, arginine, and KCl rapidly and reversibly increased insulin secretion from control islets perifused with 8 mM glucose (Fig. 3A) . They also increased [Ca 2C ] c (Fig. 3B ). An obvious dissociation between the amplitude of the changes in [Ca 2C ] c and insulin secretion was observed for acetylcholine. ] c induced by acetylcholine or KCl were similar (PZ0 . 10) in IA-2/IA-2b KO and control islets, and so were the fractional secretory responses (the absolute secretory responses were decreased). In contrast, arginine-induced insulin secretion was unaltered in absolute terms, so that the fractional secretory response to the amino acid was twice larger (P!0 . 01) in IA-2/ IA-2b KO than control islets, while the increase in [Ca 2C ] c only Figure 2 Influence of glucose on insulin secretion (A) and islet [Ca 2C ] c (B) in the presence of a high concentration of tolbutamide. Control and IA-2/IA-2b KO islets were initially stimulated by 500 mM tolbutamide (Tolb 500) in the presence of 1 mM glucose (G1). The concentration of glucose was then increased to 15 mM (G15) as indicated. Insulin secretion is expressed as a percentage of the islet insulin content, which averaged 155G10 ng/islet for controls and 77G7 ng/islet for tests. Values are meansGS.E.M. for five experiments of insulin secretion and 21 islets from four mice for [Ca 2C ] c . J-C HENQUIN and others . IA-2 and IA-2b knockout islets tended (PZ0 . 06) to be greater (Fig. 3) . The effects of amino acids were, therefore, studied in greater detail.
Effects of amino acids
In control islets, 5 mM arginine had a negligible effect on insulin secretion in 5 mM glucose, tripled the secretory rate in the presence of the mildly stimulatory concentration of 25 mM tolbutamide, and was very potent in the combined presence of 10 mM glucose and tolbutamide. This corresponds to the potentiation of arginine-induced insulin secretion by nonmetabolized (sulfonylurea) and metabolized (glucose) secretagogues (Ishiyama et al. 2006) . Arginine was more potent on fractional insulin secretion in IA-2/IA-2b KO islets than controls, at least in the presence of 5 mM glucose alone (P!0 . 05) or with tolbutamide (P!0 . 01). Under these conditions, arginine caused a slightly larger increase in [Ca 2C ] c (P!0 . 01; Fig. 4B ).
We next compared the effects of leucine, which mainly acts through changes in b-cell metabolism (Newsholme et al. 2006) , Figure 3 Effects of acetylcholine (ACh, 10 mM), arginine (Arg, 10 mM), and KCl (K, 30 mM) on insulin secretion (A) and islet [Ca 2C ] c (B) in control and IA-2/IA-2b KO islets perifused with 8 mM glucose (G8). Each substance was added during the indicated periods. Insulin secretion is expressed as a percentage of the islet insulin content, which averaged 167G16 ng/islet for controls and 81G4 ng/islet for IA-2/IA2b KO. Values are meansGS.E.M. for five experiments of insulin secretion, and 24 islets from four mice for [Ca 2C ] c . alanine, whose effect is largely due to depolarization by cotransport with Na C (Newsholme et al. 2006) , and lysine, a cationic amino acid thought to produce the same effects as arginine because of its transport in a charged form (Charles et al. 1982) . Alanine was much less potent than the other two amino acids in inducing insulin secretion in control islets. All three induced a similar absolute response (not shown) corresponding to a greater (P!0 . 05 or less) fractional secretory response in IA-2/IA-2b KO islets, although the difference with controls developed only late during alanine application (Fig. 5A ).
These differences were not attributable to differences in the [Ca 2C ] c increase produced by the amino acids (PZ0 . 05 for lysine; Fig. 5B) .
In a last series of experiments, the order of stimulation was changed: lysine was applied first, followed by alanine, and then by leucine (Fig. 6) . The results were qualitatively similar for lysine and alanine, which caused similar [Ca 2C ] c changes but larger fractional insulin responses (P!0 . 005) in IA-2/IA-2b KO than control islets. However, leucine-induced insulin secretion was no longer larger in IA-2/IA-2b KO than control islets. ] c (B) in control and IA-2/IA-2b KO islets. Lysine, alanine, and leucine (each at 10 mM) were added to a medium containing 8 mM glucose (G8) as indicated. Insulin secretion is expressed as a percentage of the islet insulin content, which averaged 146G 11 ng/islet in controls and 88G16 ng/islet in IA2-IA2b KO. Values are meansGS.E.M. for five experiments of insulin secretion and 23 islets from four mice for [Ca 2C ] c .
Discussion
Our study shows that insulin secretory changes induced by glucose and other modulators of b-cell function are qualitatively normal in mouse islets lacking both IA-2 and IA-2b. However, quantitative differences exist, which could at least partly be accounted for by the differences in insulin stores. Thus, the insulin content of IA-2/IA-2b KO islets was w50% lower than that in controls and the absolute secretory rate was often reduced in a similar proportion. When differences in insulin secretion are measured between control and test preparations that contain similar amounts of insulin, it is straightforward to conclude that some step of stimulus-secretion coupling is affected by the treatment. On the other hand, when the insulin content of the two preparations is different, it may be problematic to ascribe the observed differences in secretion to these differences in content, to alterations in stimulus-secretion coupling or both. One should certainly not assume that a decrease in insulin stores by half (as here in IA-2/IA-2b KO islets) is unlikely to limit an acute secretory response because the latter does not exceed 2-3% of the insulin content over 1 h. Insulin granules are indeed distributed in functionally distinct pools of markedly different sizes (Rorsman & Renström 2003) . It is, therefore, common practice to compare the insulin contents of the preparations and, when these are unequal, to express the secretion rate relative to this content (Peyot et al. 2004 , Nolan et al. 2006 , Saleh et al. 2006 , Wang et al. 2007 . When the secretory response to various stimuli is consistently increased or decreased in proportion of the change in insulin content, the direct influence of the latter is highly plausible. In the present study, however, the absolute rate of insulin secretion (on an islet basis) was occasionally unchanged versus controls (first-phase response to glucose or tolbutamide, response to amino acids) and often decreased in proportion to insulin stores. We are not aware of other models showing such a complex behavior. The changes in insulin secretion observed in IA-2/IA-2b KO islets may thus be multifactorial, influenced by both alterations in the releasing process and changes in insulin granule availability. We therefore chose to express the results as a fractional secretion rate. Nevertheless, this calculation of the fractional secretory rate for the interpretation of in vitro data should not obscure the fact that what matters in vivo is the absolute amount of insulin delivered in the blood.
Previous studies using incubated islets, a technique that essentially measures second phase of insulin secretion, have reported that the secretory response to high glucose is decreased by 35-45% in IA-2b KO and IA-2 KO islets respectively when compared with control islets (Saeki et al. 2002 , Kubosaki et al. 2004 . Our experiments, using a dynamic system of perifusion, show that this inhibition is restricted to the second phase, with no impairment of first phase. They further establish that the knockout of both IA-2 and IA-2b does not cause a much greater inhibition than any single knockout, and attribute many of the differences in insulin secretion to that in insulin content of the islets. Our findings of lower amounts of insulin in test than control islets are compatible with the observations made in the insulin-secreting MIN6 cell line. Thus, knockdown of IA-2 with siRNA decreased the insulin content, whereas overexpression of IA-2 increased it . These findings are also consistent with electron microscopic studies showing a w50% decrease in the number of DCV per b-cell in IA-2/IA-2b KO islets when compared with control islets (Cai et al. manuscript in preparation) . All these observations are in keeping with the proposal that the presence and processing of IA-2 during exocytosis of insulin granules might provide a positive signal to maintain insulin stores (Trajkovski et al. 2004) . Whether the loss of IA-2 and IA-2b has independent or interrelated impacts on proinsulin biosynthesis and insulin granule biogenesis or turnover certainly warrants further specific studies.
Insulin secretion is triggered by an increase in [Ca 2C ] c in b-cells (Henquin et al. 2003) . The increase in [Ca 2C ] c produced by glucose, tolbutamide, or KCl was slightly (or tended to be) smaller in IA-2/IA-2b KO than control islets. This decrease could contribute to the lowering of absolute insulin secretion rate during second phase but, in our view, is too small to explain it completely, inasmuch as absolute first phases were not depressed. It is striking that fractional insulin secretion was similar during steady state and was even higher during first-phase responses to glucose or tolbutamide. Moreover, two cationic amino acids, arginine and lysine, produced a similar (or marginally larger) increase in [Ca 2C ] c in IA-2/IA-2b KO than control islets, but induced twice larger fractional secretory responses. These observations not only show that neither IA-2 nor IA-2b is indispensable for exocytosis of insulin granules, but also further suggest that their absence facilitates the secretory response to the triggering Ca 2C signal, perhaps by suppressing the interaction with proteins (Ort et al. 2001 , Hu et al. 2005 ) that impede rather than promote granule access to the exocytotic sites. Insulin secretion also can be augmented by metabolic and neurohormonal amplifying pathways via mechanisms that do not involve a further rise in [Ca 2C ] c but an increase in Ca 2C efficacy (Henquin et al. 2003) . Since the amplification of insulin secretion by glucose itself, by protein kinase A (forskolin), or by protein kinase C (acetylcholine) was virtually identical in test and control islets when the difference in insulin stores was taken into account, our results argue that neither pathway is altered by the lack of IA-2 and IA-2b.
Compared with wild-type mice, IA-2/IA-2b KO mice showed glucose intolerance after ip glucose injection. Their plasma insulin levels barely changed and the prominent early increase observed in controls was strikingly missing (Kubosaki et al. 2005) . In contrast, our present in vitro studies show that high glucose evoked a biphasic secretion of insulin with a first phase that was not smaller than that in control islets despite the lower insulin stores (Fig. 1) . Since the difference between in vivo and in vitro findings cannot be attributed to a weaker in vivo stimulus (plasma glucose increased to more than 15 mM), it is likely that factors extrinsic to the islets are involved. On the other hand, the smaller absolute secretion of insulin during second phase probably accounts for the impaired elevation of plasma insulin levels at later time points of the imposed hyperglycemia.
An intriguing feature of the in vivo studies was that, unlike glucose, arginine produced a rapid increase in plasma insulin levels in IA-2/IA-2b KO mice (Kubosaki et al. 2005) . This is fully compatible with the present in vitro observations that arginine-induced insulin secretion was not depressed in spite of the reduction in insulin stores (hence the higher fractional insulin secretion rate). This preserved responsiveness of IA-2/ IA-2b KO islets to stimulation by arginine was not specific to this amino acid. It was also observed with lysine, another cationic amino acid, alanine, and leucine at least when it was tested as the first stimulus. Since the three amino acids affect b-cell function by different mechanisms (Newsholme et al. 2006) , we have no mechanistic explanation for this higher responsiveness of IA-2/IA-2b KO islets to amino acids.
In conclusion, IA-2 and IA-2b proteins, two major islet autoantigens in type 1 diabetes, are not critical for acute stimulus-secretion coupling in b-cells. Their knockout even facilitates insulin secretion via both triggering and amplifying pathways. In fact, IA-2 and IA-2b may be more important for optimal replenishment of insulin stores, the decrease of which probably explains much of the perturbation of glucose homeostasis in IA-2/IA-2b KO mice. Since both proteins are located in DCV of many endocrine and neuroendocrine cells, their role is likely to extend beyond the pancreatic b-cell. The recently reported decrease in storage and secretion of luteinizing hormone in the infertile IA-2/IA-2b KO female mice is an example of such a role (Kubosaki et al. 2006) .
